Possible Scale Invariant Linear Magnetoresistance in Pyrochlore Iridates
  Bi$_2$Ir$_2$O$_7$ by Chu, Jiun-Haw et al.
ar
X
iv
:1
30
9.
47
50
v2
  [
co
nd
-m
at.
str
-el
]  
23
 Se
p 2
01
3
Linear magnetoresistance and time reversal symmetry breaking of pyrochlore iridates
Bi2Ir2O7
Jiun-Haw Chu,1, 2, ∗ Scott. C. Riggs,3, 4 Maxwell Shapiro,3, 4 Jian Liu,1, 2 Claudy Ryan Serero,5 Di Yi,5 M.
Melissa,1 S. J. Suresha,2 C. Frontera,6 Ashvin Vishwanath,1, 2 Xavi Marti,5 I. R. Fisher,3, 4 and R. Ramesh1, 5, 2
1Department of Physics, University of California, Berkeley, California 94720, USA
2Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3Department of Applied Physics and Geballe Laboratory for Advanced Materials,
Stanford University, Stanford, California 94305, USA
4Stanford Institute of Energy and Materials Science, SLAC National Accelerator Laboratory,
2575 Sand Hill Road, Menlo Park 94025,California 94305, USA
5Department of Materials Science and Engineering,
University of California, Berkeley, California 94720, USA
6Institut de Ciencia de Materials de Barcelona, ICMAB-CSIC, Campus UAB, E-08193 Ballaterra,Spain
(Dated: September 24, 2013)
We report on the discovery of linear magnetoresistance in single crystals and epitaxial thin films
of the pyrochlore iridate Bi2Ir2O7. At T = 1.6K the linear magnetoresistance is non-saturated up to
35T, and is unaffected by the disorder induced quantum correction in the thin film sample. As tem-
perature increases, the magnetoresistance gradually evolves towards a quadratic field dependence.
At T = 0.38K, the resistance reveals magnetic hysteresis, providing an evidence of time reversal
symmetry breaking. We discuss the unusual magnetoresistance as possibly arising from linearly
dispersing electronic excitations, such as in a Weyl or Dirac semimetal.
PACS numbers: 72.20.My, 73.43.Qt, 75.47.-m
A linear in field magnetoresistance (MR) is generally
unexpected. This is because the magnetic field is a
pseudo-vector and based on symmetry consideration MR
should vary as a function of B2. In some cases the linear
MR might arise due to extrinsic effects such as sample
inhomogeneity[1] or disorder induced quantum interfer-
ence effect[2]. However for a homogeneous clean system
it is often an indication of the peculiarity of the underly-
ing electronic structure. Recently a large linear MR has
been observed in a number of Dirac materials such as
topological insulators[3–5], epitaxial graphene[6] which
has often been interpreted as a manifestation of the lin-
early dispersive band structures. The interpretation was
based on a theory proposed by Abrikosov, who showed
that a non-saturated linear MR would emerge if the sys-
tem enters the extreme quantum limit, in which only the
first Landau level is occupied[7, 8]. Such a condition
is usually difficult to achieve in the laboratory magnet
field range, unless the material has an extremely small
effective mass and low carrier density, such as elemen-
tal bismuth[9]. However this requirement becomes less
stringent if the system has a linear Dirac-like dispersion,
which is due to the larger Landau level spacing near the
Dirac points[8]. In addition, a recent theory proposed by
Wang et al. suggests that the linear MR could arise even
without entering the quantum limit, provided that the
band dispersion is linear and a non-zero Zeeman splitting
in magnetic fields[10]. So far it is still an open question
whether the linear MR observed in the Dirac materials
are truly described by these theories. Nevertheless at a
phenomenological level the existence of linear MR ap-
pears to be highly correlated with a linearly dispersing
electronic excitations[11].
In this work we report on another discovery of the lin-
ear MR in a promising candidate for Dirac material, py-
rochlore iridate Bi2Ir2O7.We have performed comprehen-
sive magnetotransport study on both single crystal and
epitaxial thin films of Bi2Ir2O7. We found that the MR is
strictly linear and shows no sign of saturation up to 35T
at T = 1.6K. Remarkably, both the single crystal and the
thin film show the similar linear MR despite the presence
of a lnT upturn in the zero field resistance of the thin film
sample, which rules out the possibility of extrinsic origin
for linear MR. At T = 0.38K the MR shows magnetic hys-
teresis, providing an evidence of time reversal symmetry
breaking in Bi2Ir2O7. We note that the related family of
pyrochlore iridates (A2Ir2O7, A = rare earth) has been
theoretically proposed to host a topological Weyl semi-
metal phase provided that the time reversal symmetry
is broken[12–14]. In a Weyl semi-metal phase the bulk
electronic structure is described by the Weyl equation,
which has a linear dispersion in three dimension and re-
cent experimental results on Nd2(Ir1−xRhx)2O7 [16] and
Eu2Ir2O7 (under pressure) [17], have been interpreted in
these terms.
Single crystals of Bi2Ir2O7 are grown from a binary
melt of Bi2O3 and IrO2, the details of growth and char-
acterization are described elsewhere[15]. Epitaxial thin
films of Bi2Ir2O7 were grown on (111)-oriented yttria-
stabilized zirconia (YSZ) substrates using pulsed laser
deposition. A KrF excimer laser (248 nm wavelength)
was used at a repetition rate of 1 Hz. The laser beam
2FIG. 1: Basic structure characterization of epitaxial
Bi2Ir2O7/YSZ(111) thin films. (a)Left: Schematics of sub-
strate and thin film along with the crystallographic orienta-
tions. Right: Cross-section TEM image. (b) Specular ω-2θ
scan of x-ray diffraction for 3 to 30nm thick films, showing
the (111) and (222) peaks of the substrate and tin film re-
spectively. The red solid curves show fitting described in the
main text. (c) (Left) Pole figure around the (400) and (440)
reflections of Bi2Ir2O7 displaying the three-fold in plane sym-
metry of the (111)-textured films. (Right) Reciprocal space
maps around the BIO(400) and BIO(440) reflections; the
strong peaks correspond to YSZ substrate reflections (200)
and (220), respectively. Dashed line indicates the location of
the substrate. Solid lines signals the fully-relaxation line of a
cubic structure. Data shows that BIO films are not relaxed
but are under tension in-plane.
was focused to fluency of 0.75 J/cm2 on a stoichiometric
Bi2Ir2O7 target; the substrate placed at a distance of 7.5
cm. The films were deposited at a substrate temperature
of 550 ◦C and a 50 mTorr of oxygen background pressure.
At the end of the growth, the samples were cooled down
in 1 atm of oxygen pressure. X-ray diffraction and reflec-
tivity patterns revealed a remarkable agreement between
experiments and theoretical modeling, from which we ob-
tained the thickness and lattice parameters of the lay-
ers. The fitting rendered an interface root-mean-square
roughness below one nano-meter, and a good control on
film’s thickness down to 3nm[18]. For the present study,
we focused on a 30nm thin film in order to study the bulk
properties of the materials. Exhaustive reciprocal space
mapping in Fig. 1 revealed an in-plane three-fold sym-
metry with no traces of spurious phases or orientations
other than the principal (111)-texture of the films.
Electrical transport measurements were performed at
the National High Magnetic Field Laboratory (NHMFL)
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FIG. 2: (a) Sheet resistance versus temperature of the thin
film (blue, left axis) and resistivity versus temperature of the
single crystal (red, right axis) of Bi2Ir2O7. (b) Semi-log plot
of resistance vs temperature of the thin film (blue) and sin-
gle crystal (red) for the temperature range T = 0.32 to 20K.
Resistance is normalized by the value at T = 14K. (c) Mag-
netoresistance of the thin film and the single crystal measured
at T = 1.6K. Magnetic fields were applied perpendicular to
the (111) direction and transverse to the current direction.
(d) Magnetoresistance of the thin film at T = 1.8K for fields
along out-of-plane (111) and in-plane directions. The mag-
netic field is always perpendicular to the current direction.
in Tallahassee in dc magnetic elds up to 35 T and in Phys-
ical Properties Measurement System (PPMS) in fields
up to 14 T. Unless otherwise noted, the magnetic field
was always oriented perpendicular to the film plane, and
parallel to the [111] direction for single crystals. Mea-
surements were made for both positive and negative field
orientations and only the even component are extracted
for magnetoresistance.
Fig. 2 summarizes the zero field resistance versus tem-
perature and low temperature linear MR for the single
crystal and the 30nm thick thin film. As shown in Fig.
2 (a), Bi2Ir2O7 shows a weak metallic temperature de-
pendence, with a residual resistance ratio (RRR) 1.4 for
the single crystal and 1.1 for the thin film. In most cases
such a low RRR indicates a highly diffusive transport, in
which the elastic scattering due to static disorders dom-
inates over the inelastic scattering. [31]
As the temperature decreases the resistance of the thin
film reaches a minimum at T = 14K and begins to in-
creases linearly as a function of lnT , as shown in Fig. 2
(b). In contrast to the film, the resistance of single crys-
tal remains to be constant. The lnT divergence of the
3film persists over one and half decades of temperature
and there is no sign of saturation down to T = 0.32K.
Given that the overall temperature dependence of resis-
tance of Bi2Ir2O7 reveals a strongly diffusive transport
character, the low temperature lnT divergence is most
likely due to the disorder induced quantum interference
in two dimensions, such as weak localization and/or dis-
order enhanced electron-electron interactions[21].
The MR (∆R/R) of the single crystal and the thin film
measured at T = 1.6K is shown in fig.2 (c), which exhibits
a linear field dependence and no sign of saturation up to
35T. Notice that the signal to noise ratio is much better
for the thin film sample than the single crystal. This is
due to the shape of the single crystal sample, which is
typically highly three dimensional and far from the ideal
needle-like or plate-like shape suitable for transport mea-
surements. Nevertheless, the non-analytical linear field
dependence of MR can still be clear observed. Figure
2 (d) presents the MR of the thin film sample for fields
applied in-plane and out-of plane while keeping it per-
pendicular to the current direction. The MR is almost
identical for the two directions, with a resistance differ-
ence less than 0.05% at 14T.
The similarity of the MR for the single crystal and
the thin film is rather striking, especially considering
the presence of disorder inducted quantum interference
in the thin film. The two dimensional disorder in-
duced quantum interference generally has a lnB field
dependence[21]. Therefore one would expect that the
MR would be very different for the thin film and the sin-
gle crystal. On the other hand, we also note that there is
a model suggesting that a linear MR could arise from the
combination of lnB MR from quantum interference and
the quadratic MR from the classical channel[22]. Our
observation is against this interpretation, and pointing
towards an intrinsic origin of the linear MR in Bi2Ir2O7.
The highly isotropic MR measured in the thin film
sample allows us to rule out the weak localization and
weak anti-localization contribution to the lnT resistance
upturn, because they have a highly anisotropic field de-
pendence. The absence of weak localization and weak
anti-localization is consistent with the presence of strong
spin-flip scattering, such as the spin fluctuations near a
magnetic phase transition. A quantitative analysis of the
lnT upturn is presented in the supplemental materials. It
shows that the lnT upturn is purely coming from the dis-
order enhanced electron-electron interaction effect, which
has zero contribution to the MR. This again suggest that
the linear MR is an intrinsic effect.
Having established that the linear MR is an intrin-
sic property, we focus only on the thin film sample to
study the temperature evolution of MR sine it has a su-
perior signal to noise ratio. Fig. 3 summarizes the MR
measured between T = 1.6 to 100K, which are plotted
against B (Fig.3 (a)) and B2 (Fig.3 (b)) respectively. As
temperature increases, the magnitude of MR is strongly
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FIG. 3: (a) Magnetoresistance for a 30nm film measured at T
= 1.6K to 100K. Magnetic fields were applied perpendicular
to the film plane. (b) Same data plotted in B2. (c) The
extracted power law exponent P of magnetoresistance as a
function of temperature. (d) The extracted linear (A1) and
quadratic coefficients A2 of magnetoresistance as a function
of temperature.
reduced. At B = 35T the absolute value of MR decreases
from 1.3% at T = 1.6K to 0.1% at T = 100K. Consider-
ing the fact that the MR increases by more than tenfold
while the zero field resistance is almost the same across
this temperature range, it is clear that the Kohler’s rule
is violated[23]. More interestingly, as the temperature
increases the MR also departs from the linear field de-
pendence and evolves toward a quadratic in field depen-
dence.
We quantified the temperature evolution of the field
dependence by fitting the data by a power law function
(∆R/R = ABP ) and second order polynomial (∆R/R =
A1|B|+A2B
2). The obtained power law exponent P from
the power law fitting, and the linear and quadratic coef-
ficient A1 and A2 from the polynomial fitting are plotted
in fig.3 (c) and (d) as a function of temperature. At T
= 1.6K, the linearity of MR is confirmed by both fitting
schemes: the exponent P = 0.996 ± 0.001 and a vanish-
4ingly small quadratic coefficient A2 compared to linear
component A1. As temperature increases, the exponent
P and the quadratic coefficient A2 increases, where as
the linear coefficient A1 decreases. At T = 100K, the
linear coefficient A1 becomes vanishingly small, and the
power law exponent P also reaches a value of 1.8.
The MR below T = 1.6K are plotted in Fig. 4(a). It
can be seen that the high field resistance remains linear
in field, and the slope remains almost a constant. How-
ever careful inspection at the very low field data a dip
like feature could be found. At T = 0.38K, this dip like
feature becomes highly prominent and shows a clear hys-
teresis behavior around 0.2 Tesla, which can be seen in
the zoom-in plot in Fig. 4(b). The hysteresis of MR is
a result of the formation of magnetic domains with non-
zero net moments, which is indicative of time reversal
symmetry breaking. We notice that the hysteresis is ab-
sent at T = 0.58K. The absence of hysteresis might not
always imply the restoration of time reversal symmetry,
it could also be a result of the unpinning of the domain
walls. However, given that the difference in thermal ac-
tivation energy is negligibly small between T = 0.38 and
0.58K, it is suggestive that a magnetic phase transition
occurs in between these two temperatures.
The time reversal symmetry breaking ground state dis-
covered by the MR measurements is consistent with the
recent µSR measurements, which revealed two succes-
sive weak magnetic transitions at T = 1.84 and 0.23K
for bulk Bi2Ir2O7 sample[27]. Based on these experi-
mental findings, a recent theoretical calculation has ar-
gued that Bi2Ir2O7 could be described by the metallic
antiferromagnetic phase in the global phase diagram of
the pyrochlore iridates[13]. The metallic antiferromag-
netic phase has the same electronic structure of the Weyl
semi-metal phase. However the Fermi level in this phase
is positioned away from the Dirac points, forming Fermi
pockets which are responsible for the metallic conduction.
If the theoretical calculation is true, it raises the in-
triguing possibility to link the linear MR to the linear
dispersion of Bi2Ir2O7. Since this electronic structure
are tied to the low temperature magnetic ordering phase,
the persistent contribution of a linear component in MR
at high temperatures could be due to the fluctuations
of magnetic ordering. Given the highly metallic nature
and strong diffusive transport character, Bi2Ir2O7 is un-
likely to satisfy Abrikosov’s quantum limit condition, but
might be described by the theory proposed by Wang et
al[10]. In any case, more direct spectroscopy probes are
needed to verify the above scenario[32]. We also note
that other works [20] have attributed unusual features of
this material to magnetic quantum criticality, which also
merits further study.
In comparison to other pyrochlore iridates, the trans-
port behavior of Bi2Ir2O7 is rather unique. The mag-
netic ordering in the other pyrochlore iridates is almost
always accompanied by a metal-insulator transition[24–
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FIG. 4: (a) Sheet resistance as a function of out-of-plane field
for T = 0.38 o 1.6K. The data were shown for the down-sweep
field only. (b) Sheet resistance as a function of up-sweep and
down-sweep field for T = 0.38 and 0.58K.
26, 29], yet there is no measurable feature in the zero
field resistance of Bi2Ir2O7 that could indicate the on-
set of magnetic order. It was found that the MR of the
rare earth pyrochlore iridates sensitively depends on the
magnetism on A site. A giant negative MR up to 3000%
with a strong hysteresis was found below the magnetic
ordering temperature, but only for compounds with a
non-zero 4f moment at A sites. For compounds with zero
moment at A site such as Eu2Ir2O7, the MR is small and
positive with a quadratic field dependence either above
or below the magnetic phase transition[17, 26, 28]. The
MR of Bi2Ir2O7 fails to fall into either of these two cate-
gories. We note that the other metallic pyrochlore iridate
Pr2Ir2O7 also shows nontrivial magneto-transport behav-
iors, but it is again due to the interaction of 4f moments
and itinerant electrons[30]. Therefore Bi2Ir2O7 offers a
clean example to study the interplay between magnetism
and electronic structure in the Ir subsystem.
In summary, we revealed the unusual quasi-particle be-
haivors of pyrochlore iridates Bi2Ir2O7 by discovering a
non-saturated linear MR in both single crystal and thin
5film samples. We also found a hysteresis in MR at the
base temperature T = 0.38K, confirming the broken time
reversal symmetry in the ground state of Bi2Ir2O7. The
exact electronic structure and how it is related to the
magnetic ordering requires further studies in both the-
ory and experiment. Nevertheless our results together
with the demonstration of high quality epitaxial thin
films opens up a wide range of future experiments for
understanding and manipulation of the novel electronic
state in the pyrohclore iridates.
The authors thank J. Orenstein, R. McKenzie for com-
ments and discussions. We also thank the experimental
support by D. Graf. This work was supported by the
DOE, Office of Basic Energy Sciences. Part of the mag-
netotransport experiment was performed at the National
High Magnetic Field Laboratory, which is supported by
NSF Cooperative Agreement No. DMR-0654118, by the
State of Florida, and by the DOE.
Analysis of low temperature resistance upturn
In two dimensional disorder conductors, the diffu-
sive transport induces quantum corrections to the semi-
classical Drude conductance at low temperature, which
can be expressed as the following:
G(T ) = G0 +GQI +GEEI (1)
The first term G0 is the semi-classical Drude conduc-
tance, which is determined by the elastic scattering due
to the disorder and is a constant as a function of tem-
perature. The second term GQI is the correction due
to the single particle quantum interference effect such as
weak localization or weak anti-localization. The weak
localization (WL) is a result of the constructive interfer-
ence between a pair of time reversal electron waves that
travel back to the origin, which induces a negative cor-
rection to the conductance when the coherence length is
long compared to the elastic mean free path. On the
contrary, in the presence of strong spin-orbit coupling,
a pair of time reversal waves interfere destructively and
leads to weak anti-localization (WAL), which is a pos-
itive correction to the conductance. These two effects
have a lnT dependence and are mutually exclusive. The
last term GEEI is the correction due to the disorder en-
hance electron-electron interaction (EEI). The diffusive
transport reduces the screening effect from electrons and
suppresses the density of states at the Fermi level, which
induces a negatvie correction to conductance. Since it
is due to the presence of electron electron interaction, it
could coexist with either WL or WAL effect and also has
a lnT dependence.
Application of magnetic fields suppresses the single
particle interference effect, because it creates a phase dif-
ference between the pair of time reversal electron waves.
Since the single particle particle interference is due to
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FIG. 5: Zero field temperature dependence of the sheet con-
ductance of the 25nm thick Bi2Ir2O7 thin film. Red solid line
shows a linear fit of the conductance as a function lnT .
the orbital motion within the two dimensional plane, the
magnetoresistance (MR) induced by which is expected to
be highly anisotropic. As shown in the main text, the MR
of the thin film is highly isotropic, which rules out the
single particle contribution to the quantum correction of
conductance, i.e. GQI = 0. Therefore the lnT upturn of
the resistance of the film is solely resulted from EEI. The
absence of single particle interference could be resulted
from a strong spin-flip scattering due to magnetic impu-
rities or fluctuations of magnetic ordering. However the
EEI could be enhanced by spin flip scattering, as we will
show below.
The temperature dependence of the quantum correc-
tion to conductance due to disorder enhanced electron
electron interaction can be expressed as the following[21]
GEEI = −
e2
pih
Aln(T/T0) (2)
A = (1−
3
4
F ) (3)
where F is the electron screen factor with a range of
0 < F < 1. In the case of strong spin-orbit coupling or
spin-flip scattering, the screen factor F ∼ 0 or equiva-
lently A ∼ 1. As shown in Fig. 1, fitting the zero field
conductance of the 25nm thick Bi2Ir2O7 film we obtained
a value of 1.17 for A. This is consistent with presence of
strong spin-flip scattering as we inferred from the ab-
sence of single particle interference effect. The slightly
over than 1 value of A might be due to the uncertainty
of measuring the geometric factor of the conductance of
the film., which is typically 10 to 20% at maximum.
In general, the EEI also has a magnetic field depen-
dence due to the Zeeman spin splitting, which has the
following expression:
∆GEEI(B, T )−∆GEEI(0, T ) = −
Fe2
2pih
f2(
gµBB
kBT
) (4)
6where g is the Lande g factor and f2(x) is a non-analytic
function that can be computed numerically. The prefac-
tor F is the same electron screen factor extracted from
the zero field temperature dependence. As we already
know F ∼ 0 for the Bi2Ir2O7 film, therefore the EEI has
no contribution to MR. This is consistent with the fact
that the single crystal shows the identical linear MR as
the thin film, despite the fact that it has no lnT upturn
in the zero field resistance.
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